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PERFORMANCE IN AIR OF 4-INCH- (10. 16-CM-) MEAN-DIAMETER SINGLE-STAGE
AXIAL-FLOW TURBINE FOR REYNOLDS NUMBERS FROM 4900 TO 188 000
by Hugh A. Klassen and Robert Y. Wong

Lewis Research Center

SUMMARY

A 4-inch- (10. 16-cm-) mean-diameter turbine was investigated in air over a range
of absolute inlet total pressures from 1.0 to 35.0 psia (0. 69 to 24.13 N/cmz) which cor-
responds to a Reynolds number range of 4900 to 188 000. Results were compared with
those obtained for a reference 4-inch- (10. 16-cm-) mean-diameter turbine with higher
peak suction surface velocities on the stator and rotor and with higher rotor surface
diffusion.

Peak efficiency for the subject turbine increased from 0. 40 at the lowest Reynolds
number to 0.63 at the highest. The turbine had higher peak efficiencies than the refer-
ence turbine over the entire Reynolds number range.

Stator- and rotor-outlet flow separation reported for the reference turbine was ab-
sent in the subject turbine except for the lowest Reynolds number of 4900, where the
rotor-relative-outlet flow angle was 14° greater than design.

Rotor losses were smaller than those used in the turbine design. The stator over-
expansion caused by these low losses resulted in negative rotor reaction.

Stator, rotor, and exit losses were computed for a blade-jet speed ratio of 0.32 and
an overall static- to static-pressure ratio of 2. 5. Losses were expressed as a fraction
of ideal enthalpy. Stator losses decreased with increasing Reynolds number. Rotor
losses decreased with increasing Reynolds number below a value of 15 000 and then re-
mained almost constant. Exit losses were almost constant.

INTRODUCTION

Recent studies of the effect of Reynolds number on turbine performance have shown
that performance varies little until low pressure levels are used. One such investigation
(ref. 1) covered a Reynolds number range of 9400 to 144 000. In reference 1, turbine
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efficiency decreased rapidly as the inlet total pressure was decreased below approxi-
mately 13 psia (9.0 N/cmz). Below this pressure, operation became unstable. With
turbine overall total- to static-pressure ratio and blade-jet speed ratio held constant,
three separate curves were obtained for the variation of static efficiency with inlet total
pressure. Also, as inlet total pressure was reduced below approximately 8. 8 psia

(6.1 N /cm2), rotor losses increased faster than stator losses. Since stator reaction
tended to minimize losses in reference 1, reaction in the rotor might also be expected to
minimize rotor losses and depress the onset of unstable operation.

A 4-inch- (10. 16-cm-) mean-diameter single-stage turbine was designed for the
same equivalent weight flow as the turbine in reference 1 and the effect of rotor reaction
on turbine performance was determined as Reynolds number was varied. The subject
turbine was designed to operate at a Reynolds number of 14 390 with a stator discharge
coefficient of 0.888, a reaction of 0.257, and an overall total efficiency of 0. 500.

The design and the experimental results are presented herein with an analysis of the
rotor and stator losses as computed from stator and rotor discharge coefficients.

TURBINE DESIGN
Design Conditions

The subject turbine was designed to have a mean diameter of 4 inches (10. 16 cm)
and a blade height of 0. 125 inch (0. 3175 cm). These dimensions are identical to those of
the turbine of reference 1. In addition, the following design conditions were specified

(see appendix A for symbol definition):

Equivalent weight flow, Wy/0 €/6, Ib/sec; kg/sec . . . . . . . .. . . 0.1436; 0.06514
Reynolds number, Re . . . . . . . . . . . o . o0 e e e 14 390
Blade-jet speed ratio, v . . . . . . . .. Lo oo 0.338
Inlet absolute total pressure, pé, psia; N/Cm2 ............... 2.947; 2.032
Equivalent mean-section blade velocity, Um/‘/gc—r’ ft/sec; m/sec . . . . . . 400; 121.9
Equivalent specific work output, Ah/@cr, Btu/lb; joules/g . . . .. .. .. 12.78; 29.75
Total to total efficiency, 7y - . . . - . o o v oL 0.500
Total pressure ratio across stator, p'3/p'2 ...................... 0.888
Relative total pressure ratio across rotor, pzl'/pé' .................. 0.736

0. 257

Reaction across rotor, R . . . . . . .« o o o o 0 o 0o e e e e e e e e e e
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Figure 1. - Design velocity diagrams.

The design free-stream velocity diagrams consistent with these conditions are shown in
figure 1.

The stator-outlet critical velocity ratio (V/Vcr) is 0.777. The stator-outlet dis-
charge angle ag is 18. 66°. The rotor-inlet relative critical velocity ratio (W/W cr)3
is 0. 439 and the relative rotor entrance angle is 35. 82°. The rotor-outlet relative criti-
cal velocity ratio <W/Wcr)4 is 0.591, and the rotor has a relative discharge angle of
39.24°. Exit whirl is slightly negative, with an absolute tangential velocity ratio

(Vy/Vp) 4 ©Of 0.052 and an absolute exit flow angle a, of 82. 250,

Blade Design

The mean-section blade profiles for both the stator and the rotor were designed by
an iterative process wherein a blade shape was assumed and surface velocity calculations
were made by the method of reference 2 to match both continuity and the assumed loss
distributions. Blade shapes were varied until the desired velocity distributions were ob-
tained. In the analysis, the blade profile was assumed to be constant from hub to tip,
and the total pressure loss was assumed to vary linearly from blade entrance to exit.
Stator description. - The design mean-section blade profiles, forming the flow chan-
nel for the stator, are shown in figure 2. The design mean-section surface velocity dis-
tribution for the channel, presented in figure 3(a), shows that the channel is a zero-
diffusion suction surface design. The stator as constructed varied somewhat from design;

3
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Figure 2. - Turbine design mean-section blade geometry.

the table presented in figure 2 compares the critical dimensions. The throat is 0.001
inch (0.0025 cm) less than design, which indicates that the stator throat area is about

1 percent lower than design. Further, the throat is not located at the channel exit, which
results in a slight divergence in area from the throat to the channel exit. The design
stator-blade coordinates are shown in table I. The 40 stator blades were furnace brazed
to the inside and outside rings of the stator annulus.

Rotor description. - The design rotor-blade profiles forming the mean-section flow
channel are presehted in figure 2. The computed surface velocity distribution for this
channel is presented in figure 3(b). The suction surface velocity rises to a maximum
relative critical velocity ratio of 0. 653 before it diffuses to the outlet relative critical
velocity ratio of 0.604. A suction surface diffusion DS of 0.075 results. The pressure
surface velocity decreases from the relative inlet velocity ratio of 0. 470 at the inlet to a
minimum value of 0. 310 before accelerating to the exit velocity. This amount of inlet
deceleration gives a pressure surface diffusion Dp of 0. 340 and a total diffusion Dt of
0.415. This value is approximately the maximum for good design practice. Higher val-
ues of total diffusion cause sharp increases in losses (ref. 3).
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Figure 3. - Design mean-section rotor and stator velocity
distributions as functions of axial location.

The design rotor-blade coordinates are presented in table II. The 0.005-inch
(0.0127-cm) tip clearance is the same as for the reference turbine. The 0.125-inch
(0. 3175-cm) rotor blades were fabricated by end milling the rotor disk.

APPARATUS, INSTRUMENTATION, AND PROCEDURE

The following apparatus was used in this investigation: the turbine; an airbrake to
absorb and measure the power output of the turbine; air supplies for the turbine, the
bearings, and the airbrake; and an exhaust system. A schematic diagram of the facility,
showing these components, is presented in figure 4. Dry pressurized air was supplied
to the turbine inlet through a pressure control valve. Weight flow was measured by a
venturi operating under choked conditions. Turbine-exit flow passed through a control
valve to the laboratory exhaust system.

A cutaway view of the turbine test assembly is given in figure 5. The turbine bear-
ings were gas lubricated in order to minimize friction torque. Each of the two journal
bearings had a 360° solid journal with eight orifices. The two-way thrust bearing had
360° thrust disks. The stationary thrust disks had four recessed orifices. The airbrake
is described in reference 1.
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Figure 4. - Schematic diagram of test apparatus.

The turbine-inlet and turbine-outlet measuring stations are shown in figure 5. The
measuring stations for the stator and rotor are shown in figure 2. Turbine-inlet total
temperatures were measured by two thermocouples in the inlet collector (station 1).
Stator-inlet static pressures were measured at station 2 (see fig. 2) with six taps, three
at the inner wall (120° apart) and three at the outer wall (120° apart). Stator-inlet total
pressure p'2 was calculated from measured static pressure, turbine-inlet temperature,
weight flow, and annulus area. Stator-outlet static pressure pg was measured by three
taps at the hub, located 120° apart. The stator has a negligible pressure difference be-
tween hub and tip because of the high hub-tip radius ratio and the constant design exit
flow angle. Rotor-exit static pressures p, were measured with six taps, three at the
hub (120° apart) and three at the tip (also 120° apart). Turbine-outlet static pressures
pgy were measured with two taps 180° apart in the outlet collector (see fig. 5).

Shaft torque was obtained with a commercial strain gage which measured the force
applied by the airbrake torque arm. The equipment for measuring rotative speed con-
sisted of a six-tooth sprocket mounted on the coupling, a proximity probe, and an elec-
tronic counter.

Turbine bearing and coupling windage losses were determined by removing the tur-
bine rotor, driving the turbine shaft with the airbrake, and measuring the torque neces-
sary to drive the turbine at various speeds. The friction torque was added to the torque
measured during tests to obtain true turbine torque. The value of friction torque at de-
sign speed was 0. 328 inch-pound (3. 71 cm-N).

The experimental data were obtained by operating the turbine over a range of abso-
lute inlet pressures from 1 to 35 psia (0. 69 to 24. 13 N/cmz) at inlet-static to exit-static
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pressure ratios of 2.0, 2.5, and 1.5 or 1.75. At each inlet pressure and pressure
ratio, the turbine speed was varied from 5000 to 25 000 rpm in 2500-rpm increments.
Inlet air temperature was approximately 535° R (2970 K) for all tests.

RESULTS AND DISCUSSION

The results obtained when the subject 4-inch- (10. 16-cm-) mean-diameter turbine
was investigated over a range of absolute inlet total pressure from 1 to 35 psia (0.69 to
24.13 N/cmz) are presented in terms of both overall turbine performance and stator and
rotor performance. Comparison was made between the subject turbine and the turbine
of reference 1 which had the same mean diameter and blade height, but different rotor
surface velocity distributions.

The Reynolds number used in this report was used in reference 4 to correlate tur-
bine loss data. When the stator is choked, this Reynolds number is constant for given
inlet pressure and temperature. The values of inlet total pressure at which data were
obtained and the corresponding Reynolds numbers for choked stator operation are given
in the following table. At overall static- to static-pressure ratios below 2.5, some

Inlet total pressuré____Raﬁoiaé ‘number for
] N choked stator,
psia N/cm Re

1 0.69 4 900
2 1.38 9 900
3 2.07 15 200
6 4.14 31 200

12 8.27 62 100

24 16.55 127 000

35 24.13 187 700

Reynolds numbers were lower than those shown in this table because the stator was not
always choked. At each inlet total pressure, all Reynolds numbers were within 10 per-
cent of those obtained with a choked stator.

The results are presented in two sections. The first section describes the overall
performance of the turbine in terms of its torque and static efficiency characteristics
over the range of Reynolds number covered. The second section then describes its per-
formance at a blade-jet speed ratio of 0. 32 and an overall static- to static-pressure
ratio of 2.5, which correspond approximately to the design total- to static-pressure and
blade-jet speed ratios. Included in this section are a description of weight flow and re-
action characteristics of the turbine at this condition and the results of the velocity dia-



gram calculations that were made in accordance with the calculation procedure described
in appendix B.

Overall Performance

The overall torque parameter characteristics of the subject turbine are presented in
figure 6 as functions of blade-jet speed ratioc v and inlet total pressure p'2. Data are
presented on four separate curves (1) to isolate the effect of inlet pressure p'z, particu-
larly at higher values of inlet pressure, and (2) to indicate the consistency of data for
each inlet pressure.

It is shown in figure 6 that for any given blade-jet speed ratio, the torque parameter
increased with increasing turbine-inlet pressure to a value of 24 psia (16. 55 N/cm2).

No difference in torque parameter occurred when the turbine-inlet pressure was in-
creased further to 35 psia (24. 13 N/cmz). Major differences occur in torque parameter
with inlet pressures less than 6 psia (4. 14 N/cmz).

Turbine static efficiencies were computed from the torque parameter curves faired
through the data in figure 6. The resulting efficiencies are presented in figure 7 as
functions of blade-jet speed ratio v and inlet total pressure p2 Peak stat1c efficiency
varied from about 0. 40 at the lowest inlet pressure of 1.0 psia (0.69 N/cm ) to 0.63 at
an inlet total pressure of 35.0 psia (24.13 N/cm ). This range of inlet pressure corre-
sponds to a Reynolds-number range of 4900 to 188 000.

Figure 7 shows that the blade-jet speed ratio at which peak static efficiency occurred
increased with increasing inlet total pressure to 24.0 psia (16.5 N/cmz). The reasons
for this trend can be described by introducing the velocity diagram parameter A, which
is defined as the ratio of the blade speed to the change in whirl velocity across the rotor.
This speed- Work parameter is also a function of static efficiency and blade-jet speed
ratio A = 21/ /n Peak static efficiencies for all inlet total pressures except 1.0 psia
(0.69 N/cm ) occurred at a speed-work parameter of approximately 0.64. This constant
value indicates that the velocity diagrams for peak efficiency, at pressures of 2 psia
(1.38 N/cmz) and above, all have about the same shape. Peak efficiency for 1 psia
(0. 69 N/cmz) occurred at a speed-work parameter of 0.56.

In figure 8, peak static efficiency is plotted against inlet total pressure for the sub-
ject and reference turbines. The subject-turbine peak static efficiency increased with
increasing inlet total pressure to 24.0 psia (16.5 N/cmz), which corresponds to a
Reynolds number of 127 000. Above this pressure, peak static efficiency remained con-
stant. The reference turbine peak static efficiency was constant above an inlet total
pressure of 13.52 psia (9. 33 N/cmz), which corresponds to a Reynolds number of 70 000.

Peak efficiency for the subject turbine was appreciably higher than for the reference
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turbine at all pressures. At subject-turbine design inlet total pressure of 2. 95 psia
(2.03 N/cmz), peak static efficiencies for the subject and reference turbines were 0. 57
and 0. 47, respectively. The reference turbine was tested over a range of inlet total
pressures from 2. 06 to 27.63 psia (1. 42 to 19.05 N/cm2) which corresponds to a
Reynolds-number range of 9400 to 144 000 for the subject turbine. Peak static efficien-
cies for this pressure range varied from 0.53 to 0. 63 for the subject turbine and from
0.26 to 0.56 for the reference turbine. This improved efficiency for the subject turbine
results from lower rotor losses, which are discussed in the section Velocity diagram
calculation results.

At design inlet total pressure, the actual static efficiency of 0.57 is 11 points higher
than the design value of 0.46. For some inlet pressures, the reference turbine operated
at either two or three efficiencies for a given blade-jet speed ratio because of the un-
stable operation mentioned in the INTRODUCTION. The double curve in figure 8 indi-
cates the two highest efficiencies.

Performance at Blade-Jet Speed Ratio of 0. 32 and Turbine Static- to

Static-Pressure Ratio of 2.5

The performance of the subject turbine at given blade-jet speed ratio and pressure
ratio is described herein to indicate the variation in the turbine behavior over the range
of Reynolds number covered with these ratios remaining constant. The data used were
obtained at a blade-jet speed ratio of 0.32 and a turbine inlet-static- to exit-static-
pressure ratio of 2.5. These conditions were chosen because overall total- to static-
pressure ratio and blade-jet speed ratio are close to design values at this condition.
The weight flow and the pressure distributions obtained from the experimental data are
described. Then the results of the velocity diagram calculations made under these con-
ditions are presented, in addition to a description of the associated discharge coefficients
and loss distribution (see appendix B for calculation method).

Weight flow and pressure distribution. - Figure 9 shows the effect of Reynolds
number on equivalent weight flow. 7The eAquivalent weight flow varied 9 percent over a
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Figure 9. - Variation of turbine equivalent weight flow with Reynolds number. Turbine
overall static- to static-pressure ratio, py/ps, 2.5.
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Reynolds number range of 4900 to 188 000. This variation was entirely the result of the
change in stator discharge coefficient with Reynolds number, as is described in the sec-
tion Velocity diagram calculation results. The stator was choked at all times at the

overall pressure ratio of 2.5. Equivalent weight flow was, therefore, independent of
changes in rotor losses.
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Figure 10. - Variation of stator- and rotor-outlet static pressures with Reynolds number,
Blade- jet speed ratio, 0.32; turbine overall static- to static-pressure ratio, pllp5, 2.5.

Figure 10 shows the variation in static pressure distribution with Reynolds number.
Exit-static- to stator-inlet-total-pressure ratios p3/p'2 and p4/p'2 are plotted against
Reynolds number for the stator and rotor. The rotor-exit- to stator-inlet-pressure
ratio is constant because the turbine overall static pressure ratio pl/p5 was held con-
stant at 2. 5. The stator pressure ratio p3/p'2 decreased with increasing pressure over
the entire pressure range, which indicates a constantly decreasing rotor reaction. At
the design Reynolds number of 14 400, p3/p’2 is 0. 472, while the design value is 0. 61.
This discrepancy between design and actual values results from rotor discharge coeffi-
cients being higher than design, as is described in the following section. The stator
pressure ratio of 0.472, shown in figure 10 for design Reynolds number, indicates that
the stator is choked and that stator-exit velocities are much higher than design.

Velocity diagram calculation results. - Free-stream velocity diagrams computed

for the blade-jet speed ratio of 0.32 and an overall static- to static-pressure ratio of 2.5
are shown in figure 11 for the three lowest values of Reynolds number and for the highest.
Comparison of these diagrams with design (fig. 1) shows that stator-exit velocities are
much higher than design, which indicates rotor losses lower than design. The diagram
for an inlet total pressure of 2. 99 psia (2. 07 N/cmz), which is approximately the design
value, show a slightly supersonic stator-exit velocity (V/Vcr)g of 1.018 and a rotor-
inlet relative velocity (W/Wcr)3 of 0.704. The corresponding design values are 0.777
for the stator and 0. 439 for the rotor. Stator-exit velocity increased with increasing
Reynolds number. The rotor-exit diagram at design inlet total pressure agrees approxi-
mately with the design diagram. The diagrams show that exit whirl is almost zero ex-
cept for the lowest Reynolds number of 4940. Design whirl is slightly negative with an
absolute tangential velocity ratio (Vu/Vcr)4 of -0.0517.

13
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The stator-outlet flow angle ag and the rotor-outlet relative flow angle S 4 are
both close to the design values of 18. 66° and 39. 240, except at the lowest Reynolds num-
ber of 4940. The B 4 value of 53.0° at this Reynolds number indicates flow separation
of 14° at the rotor outlet. The reference turbine showed stator-outlet flow separation at
Reynolds numbers below 14 000, and considerable rotor-outlet flow separation at all
Reynolds numbers, which probably contributed to the lower efficiency level than that ob-
tained in the subject investigation.
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Figure 12, - Variation of stator and rotor discharge coefficients with Reynolds number.
Subject-rotor overall static- to static-pressure ratio, pllpS, 2.5; blade-jet speed
ratio, 0.32.

Figure 12 shows the effect of Reynolds number on the subject-turbine and reference-
turbine stator discharge coefficients Cd and on the subject-turbine rotor discharge co-
efficient. Through a Reynolds number range of 9400 to 144 000, the subject-turbine sta-
tor discharge coefficient varied from 0. 90 to 0. 965 compared with values of 0. 86 to 0. 98
for the reference turbine. At the design Reynolds number of 14 900, the subject-stator
actual and design discharge coefficient values are 0. 917 and 0. 888, respectively. Ata
Reynolds number of 9400, the stator discharge coefficient for the subject turbine is four
points higher than for the reference turbine, while at 144 000 it is one point lower. The
low discharge coefficients shown for the reference turbine at low Reynolds numbers may
be caused by the stator-exit flow separation which occurred at Reynolds numbers below
14 000.

The subject-turbine rotor discharge coefficient increased from 0. 646 to 0. 685 be-
tween Reynolds numbers of 4900 and 62 000. Above 62 000, the coefficient is nearly con-
stant. At design Reynolds number, the discharge coefficient of 0.676 is 18. 4 percent
greater than the design value of 0.571.

Figure 13 shows the effect of Reynolds number on computed rotor reaction R. The
low rotor losses, discussed above and in the section Velocity diagram calculation results
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Figure 13, - Effect of Reynolds number on reaction across
rotor. Blade-jet speed ratio, 0.32; turbine overall
static- to static-pressure ratio, pllps, 2.5.

(p. 13), caused high stator discharge velocities. These high velocities resulted in nega-
tive reaction across the rotor at all Reynolds numbers. As Reynolds number increased
from 4900 to 188 000, the rotor reaction decreased from -0.21 to -0.35. Design reac-
tion was 0.257, while actual reaction at design inlet total pressure was -0.21. Although
design reaction across the rotor was not attained and even though stator-exit velocity was
greater than design, the turbine yielded higher-than-design efficiency.
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Figure 14. - Variation of energy distribution with Reynolds number. Turbine overal
static- to static-pressure ratio, pllps, 2.5; blade-jet speed ratio, 0.32.

Figure 14 shows the variation with Reynolds number of energy distribution corre-
sponding to the calculated velocity diagrams. Work and losses are expressed as frac-
tions of ideal enthalpy based on exit-static- to inlet-total-pressure ratio. The stator
loss decreased with increasing Reynolds number throughout the entire range of 4300 to

188 000. The rotor loss decreased between Reynolds numbers of 4900 and 15 000 and

then remained approximately constant. The exit loss was almost constant at all Reynolds

numbers. The following table compares the energy distribution for the extreme Reynolds
numbers investigated (4900 and 188 000) in fractions of ideal enthalpy based on exit-
static - to inlet-total-pressure ratio.
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lReynolds number | Work | Stator loss | Rotor loss | Exit loss

4 900 0.423 0.121 0. 349 0.108
188 600 . 578 .034 .25 .113

SUMMARY OF RESULTS

A 4-inch- (10. 16-cm-) mean-diameter turbine was tested in air over a range of inlet
total pressures from 1.0 to 35.0 psia (0. 69 to 24. 13 N/cmz), which corresponds to a
Reynolds number range of 4900 to 188 000. Results were compared to those of a refer-
ence 4-inch- (10. 16-cm-) mean-diameter turbine with higher peak suction surface veloci-
ties for rotor and stator and with higher rotor surface diffusion. The results are summa-
rized as follows:

1. The turbine had higher peak static efficiencies thanthe reference turbine at all
Reynolds numbers. Over a Reynolds number range from 9400 to 144 000, the subject-
turbine peak efficiencies increased from 0. 53 to 0. 63 compared with corresponding
values of 0.26 and 0. 56 for the reference turbine. The improved efficiency of the sub-
ject turbine results from lower rotor losses than those of the reference turbine.

2. The flow separation which occurred at the stator and rotor outlets of the reference
turbine was absent in the subject turbine except for the lowest Reynolds number of 4940
where a 14° deviation from design relative flow angle occurred at the rotor outlet.

3. Peak static efficiency for the subject turbine increased from 0.40 to 0. 63, as the
Reynolds number increased from 4900 to 127 000, and remained constant above this value.

4. At approximately design operating conditions, the rotor discharge coefficient was
18. 4 percent greater than design. The low rotor losses caused overexpansion of the sta-
tor and resulted in negative values of rotor reaction ranging from -0.21 at the lowest
Reynolds number of 4900 to -0. 35 at 188 000. The design rotor reaction is 0.257.

5. At a blade-jet speed ratio of 0. 32 and a turbine overall static- to static-pressure
ratio of 2.5, losses varied with Reynolds number in the following manner: Stator losses,
expressed as a fraction of ideal enthalpy, decreased from 0. 121 to 0. 034 over a Reynolds
number range of 4900 to 188 000. Rotor losses decreased from 0. 349 to 0.275, with al-
most all the decrease occurring below a Reynolds number of 15 000. Rotor-exit losses
were practically constant at all Reynolds numbers.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 19, 1967,
128-31-02-25-22.
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APPENDIX A

SYMBOLS

discharge coefficient, ratio of measured weight flow to ideal weight flow based on
inlet-total to exit-static pressure for stator and on relative inlet-total to exit-
static pressure for rotor

pressure surface diffusion parameter, 1 - (Wp min/Wi)
suction surface diffusion parameter, 1 - (W /W, . )

Dp+Ds

specific work output, Btu/lb; joules/g
mechanical equivalent of heat, 778 ft-1b/Btu

absolute pressure, psia; N/cm2

rotor reaction, 1 - (W 3/W 4)
Reynolds number, W/ulr

rotor mean radius, ft; m

blade velocity, ft/sec; m/sec
absolute gas velocity, ft/sec; m/sec

critical velocity at U.S. standard atmosphere sea-level conditions, 1019 ft/sec;
310.6 m/sec

relative gas velocity, ft/sec; m/sec
weight flow, lb/sec; kg/sec
absolute gas flow angle measured from tangential direction, deg

relative gas flow angle into or out of rotor measured from tangential direction,
deg

ratio of specific heats

ratio of inlet-total pressure to U.S. standard atmosphere sea-level pressure,

vk

pz/ p

static efficiency, ratio of actual specific work output to ideal specific work output
based on ratio of exit-static to inlet-total pressure, p 4/p'2

total efficiency, ratio of actual specific work output to ideal specific work output
based on ratio of exit-total to inlet-total pressure, p,/pq



Eow

6 er squared ratio of critical velocity at turbine inlet to critical velocity at U. S.
standard atmosphere sea-level temperature, <Vcr, 1/ VZ',"I,)2
A speed-work parameter, Um/AVu, 2V2/77S
m viscosity, b/(sec)(ft); N—sec/m2
v blade-jet speed ratio, Um M
P gas density, 1b/ft3; kg/m3
T torque parameter, AVu m
Subscripts:
cr conditions at Mach 1
i inlet of rotor
id ideal, based on total- to static-pressure ratio
m mean radius
max maximum
min minimum
o outlet of rotor blade row
p pressure surface
s suction surface
t total
u tangential direction
X axial direction
station at turbine-inlet collector
2 station at stator inlet
3 station between stator and rotor
4 station downstream from rotor
5 station at turbine-exit collector
Superscripts:
" absolute total state
) relative total state
(*) U.S. standard conditions (temperature, 518. 7° R (288. 15° K); pressure,

14.70 psia (10. 14 N/cm?)

-



APPENDIX B

VELOCITY DIAGRAM CALCULATION METHOD

Free-stream velocity diagrams were obtained from experimental data by the follow-

ing general procedure.

Stator-Exit Diagrams

The stator discharge total pressure pé was obtained by the method of reference 1
wherein the stator discharge coefficient Cd is used as the total-pressure loss coefficient.
The absolute velocity ratio (V/Vcr) was computed from this total pressure and the mea-
sured static pressure Pg- The axial velocity ratio (VX/Vcr) was obtained from the
measured weight flow and the stator annulus area. Relative total temperature Té' was
obtained from the equation

Ty = T, 1-7"1<Um> 2<V“> __m
v+ 1 Vcr 3 VCI' 3 (Vcr)3

The relative tangential velocity ratio (Wu/wcr)3 was computed from (Vu/Vcr)3 and

Rotor-Outlet Diagrams

The turbine-exit total temperature TZ} was obtained from the specific work output
Ah'. The change in tangential velocity AVu was computed from Ah' and the mean-
suction blade velocity U_ . The tangential velocity ratio (Vu/ Vcr) 4 and the relative
tangential velocity ratio (W u/W cr) 4 were obtained from AV, and the rotor-inlet velocity
diagram. The product of the rotor-outlet axial velocity and density (pVx) 4 was obtained
from the rotor annulus area and the measured weight flow. An iteration was then used to
obtain a complete rotor-exit velocity diagram consistent with the preceding information.
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TABLE 1. - STATOR BLADE COORDINATES

— 51. 12°
Y
S 4
p ~./
f// - Radius, 0.0025 in.
Radius, 0.045 in.—

y (0. 0063 cm)
114 [
(0.114 cm) L parallel to axis of rotation *

X Y Y

p s

in cm in cm in cm
0 4] 0.0450 {0.1143 | 0.0450 [0.1143
.0200; .0508 . 0076 .0193 .0914 | .2322
.0400 | .1016 [----v- | =m=m- L1116 | .2835

.0600 | .1524 | .0028 | .0071| .1240 | .3150
.0800 | .2032 | .0154 | .0391{ .1316 | .3343

.1000 | .2540 | .0292 | .0742 | .1354 | .3439
.1200 | .3048 | .0412 | .1046| .1364 | .3465
.1400 | .3556 | .0506 § .1285| .1352 | .3434
.1600 | .4064 | .0576 | .1463 | .1324 | .3363
.1800 | .4572 | .0630 | .1600| .1278 | .3246

.2000 | .5080 | .0668 | .1697 | .1224 | .3109
.2200 | .5588 | .0688 | .1748 | .1164 | .2957
.2400{ .6096 | .0698 { .1773
.2600 | .6604 | .0698 | .1773
.2800 | .7112 | .0682 | .1732

.3000 | .7620 | .0662 | .1681
.3200 | .8128 | .0632 | .1605
.3400 | .8636 | .0594 | .1509
.3600 | .9144 | .0552 | .1402
.3800 { .9652 | .0502 | .1275

.4000 | 1.0160 | .0448 | .1138
.4200 | 1.0668 | .0394 | .1001
.4400 | 1.1176 | .0334 | .0849
.4600 | 1.1684 | .0268 | .0681
.4800 | 1.2192 | .0204 | .0518
.5000 | 1.2700 | .0136 | .0345 # Y

.5200 | 1.3208 | .0070 | .0178 | .0120 | .0305
.5430 | 1.3792 | .0025 | .0063 | .0025 | .0064 |




I

10.12°

TABLE II. - ROTOR BLADE COORDINATES
l ~Radius, 0.005 in.
Y i
s i (0.0127 cm)
l 'Yp I
I N
) Radius, 0.0025 in. |* —X ||
' (0. 0063 cm) Parallel to axis of rotation -
Yp YS
in. cm in. cm in. cm
0 0.0050 | 0.0127 {0.0050 |0.0127
. 0100 . 0254 . 0034 . 0086 . 0230 . 0584
. 0200 . 0508 .0184 . 0467 . 0398 . 1011
. 0300 . 0762 . 0302 . 0767 . 0567 . 1440
. 0400 . 1016 . 0397 . 1008 .0721 . 1831
.0500 | .1270 . 0470 .1194 . 0825 . 2096
. 0600 . 1524 . 0531 . 1349 . 0899 .2283
. 0700 . 1778 . 0577 . 1466 . 0947 . 2405
. 0800 .2032 . 0612 . 1554 . 0978 . 2484
. 0900 .2286 . 0639 . 1623 . 0994 .2525
. 1000 . 2540 . 0657 . 1669 .0995 . 2527
. 1100 L2794 . 0666 . 1692 . 0985 .2502
. 1200 . 3048 . 0668 . 1697 .0961 . 2441
. 1300 . 3302 . 0660 . 1676 . 0924 . 2347
. 1400 . 3556 .0644 . 1636 . 0877 . 2228
. 1500 . 3810 . 0619 . 1572 .0819 . 2080
. 1600 . 4064 . 0585 . 1486 . 0755 . 1918
. 1700 . 4318 . 0542 L1377 .0683 . 1735
) . 1800 . 4572 . 0492 . 1250 . 0609 . 1547
' .1900 | .4826 | .0435| .1105 | .0533 | .1354
.2000 . 5080 .0372 . 0945 . 0456 . 1158
.2100 .5334 . 0303 L0770 .0378 . 0960
.2200 .5588 . 0232 . 0589 . 0300 . 0762
.2300 . 5842 . 0157 . 0399 . 0222 . 0564
.2400 . 6096 . 0081 .0206 .0144 . 0366
I .2500 . 6350 . 0004 .0010 . 0066 .0168
. 2537 . 6444 . 0025 . 0063 . 0025 . 0063

NASA-Langley, 1968 —— 3 K -3988

23



National Aeronautics and Space Administration FIRST CLASS MAIL _rost ﬁigg;f;;g:mm '

WASHINGTON, D. C. SPACE ADMINISTRATION

OFFICIAL BUSINESS

posU Oul 248 51 305 ‘ 1 009503
AIR FURCE WEAPCONS LABURA1U:{.Y/’£\.F‘AL/> ‘
KIRTLAND AIR FURCE BASES NEw MEXICO b671LY

ATV MISS MADELIME Fo CanGyn, CRIbEr folhHsIl ‘
LIoRARY JnliL/

If Undeliverable (Section 158

POSTMASTER: Postal Manual) Do Not Return

“The aeronantical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest praciicable and appropriate dissemination
of information concerning its activities and the resulis thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless of
importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distribu-
tion because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Scientific and technical information generated
under a NASA contract or grant and considered an important contribution to
existing knowledge.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English,

SPECIAL PUBLICATIONS: Information derived from or of value to NASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech-
nology used by NASA that may be of particular interest in commercial and other
non-aerospace applications. Publications include Tech Briefs, Technology
Utilization Reports and Notes, and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546

-t
-




